FERMILAB-PUB-07/588-E
Model-independentmeasuementof the W bosonhelicity in top quark decaysat DO

V.M. Abazos38, B. Abbott’®, M. Abolins®®, B.S. Achary&®, M. Adams$?, T. Adams?, E. Aguilo®, S.H.Ahn%%, M. Ahsarf®,
G.D. Alexeer®8, G. Alkhazov*?, A. Alton®%2, G. Alversorf*, G.A. Alveg, M. Anastasoai®, L.S. Ancu®®, T. Andeer??,
S.Andersort®, B. Andrieut’, M.S. Anzelc®*, Y. Arnoud*, M. Arov®!, M. Arthaud®, A. Askew®®, B. Asmarf?,
A.C.S.AssisJesu$, O. Atramenta®®, C. Autermani?, C. Avila8, C. Ay?*, F. Badaud®, A. Bade#?, L. Bagby?, B. Baldin’?,
D.V. Bandurirf®, S. Banerjeé®, P. Banerjeé®, E. Barberi$*, A.-F. Barfuss®, P. Bargass&', P. BaringeP?, J. Barretd,
J.F BartletP!, U. Basslet®, D. Bauef*, S.Bealé, A. Bear?®, M. Begalli®, M. Begel’?, C. BelangerChampagn®,

L. Bellantonf!, A. Bellavancé?, J.A. Benite?%, S.B.Beri?’, G. Bernardi’, R. Bernhard?, |. Bertranf®, M. Besanon'8,
R. Beuselinck?, V.A. Bezzube®?, P.C.Bhaf?, V. Bhatnagat’, C. Biscarat®, G. Blazey>, F. Blekmarf*4, S. Blessing®,
D. Bloch®®, K. Bloomf®, A. Boehnlei®!, D. Boline®3, T.A. Bolton®®, G. Borissov*3, T. Bos€®, A. Brandt®, R. Brock®S,
G. Brooijmang?, A. Bross*?, D. Brown®, N.J.Buchanar®, D. Buchhol?*, M. Buehlef?, V. Bueschef?, V. Buniches*,
S.Burdin®®?, S. Burke*®, T.H. Burnetf®, C.P Buszelld*, J.M. Butlef®®, P. Calfayarf®, S. Calvet'®, J. Cammin?,

W. Canalhd®, B.C.K. Casg®!, N.M. CasoR®, H. Castilla-\aldeZ?, S. Chakrabarfi®, D. Chakraborty®, K.M. Char?®,
K. Charf, A. Chandré®, F. Charled®?, E. Cheu®, F. Chevallier'4, D.K. Chd?3, S.Cho#?, B. Choudhary?, L. ChristofeK®,
T. Christoudia&*Y, S.Cihangif!, D. Clae$?, Y. Coadod, M. Cooke®!, W.E. Coopef!, M. Corcorafi*, F. Couderd?,
M.-C. Cousinod®, S. Crepe-Renauditt, D. Cutts’8, M. Cwiok®°, H. daMotta?, A. Das®, G. Davies**, K. De™®,
S.J.deJong®, E. De La Cruz-Burel$®, C. De OliveiraMartins®, J.D. Degenhard®®, F. Déliot*®, M. Demarteatt,

R. Demind?, D. Denisa®!, S.P Denisav®?, S. Desatr?, H.T. DiehlP?, M. Diesturg®, A. Domingue2®, H. Dong’3,
L.V. Dudko®, L. Du ot '8, S.R.Dugad®, D. Duggan®, A. Duperrin‘®, J.Dyer®®, A. Dyshkant3, M. Ead$2, D. Edmund§?®,
J.Ellisor®®, V.D. Elvira®, Y. Enar®, S.End®?, P. Ermolov38, H. Evans$®, A. Evdokimov’4, V.N. Evdokimov3,
A.V. Feraponte®, T. Ferbel?, F. Fiedlef?, F. Filthaut®, W. FisheP!, H.E. Fisk®!, M. Ford*, M. FortneP3, H. Fox?3,
S.Fw!, S.Fuess!, T. Gadfort?, C.F. Gale&®, E. Gallas$!, E. Galyae®®, C. Garcid?, A. Garcia-Bellidd®, V. Gavrilov®’,
P. Gay*3, W. Geist?, D. Gek'®, C.E.GerbeP?, Y. Gershteifi?, D. Gillberg®, G. Ginther'?, N. Gollub*', B. Gome?,

A. Goussio®, PD. Grannig3, H. Greenleé!, Z.D. Greenwod?, E.M. Gregore$, G. Grenief?, Ph.Gris!3, J.-F Grivaz®,
A. Grohsjeaf®, S. Grilnendaht!, M.W. Griinavald®®, J. Guo’®, F. Guo’®, P. GutierreZ®, G. Gutierre?!, A. Haad?,
N.J.Hadle/®?, P. Haefnef®, S.Hagopiafi®, J. Haley%, 1. Hall®®, R.E.Hall*®, L. Har', P. Hanssoftt, K. Hardef*,

A. Harel’?, R. Harringtorf*, J.M. Hauptmafi®, R. Hause?®, J. Hays**, T. Hebbeler!, D. HedirP®, J.G.Hegemari*,
J.M. Heinmiller®?, A.P. Heinsort?, U. HeintZ3, C. Henset®, K. Herner?, G. Heslett?*, M.D. Hildreth®®, R. Hirosky®?,
J.D.Hobbs?, B. Hoeneisef?, H. Hoett?®, M. Hohlfeld??, S.J.Hong™*, S.Hossair®, P. Houber?*, Y. Hu’3, Z. HubaceR?°,
V. Hynel, I. lashvili’®, R. lllingworth®!, A.S. 1to®!, S. Jabeef?, M. Jafré'®, S. Jain'®, K. Jalobs?®, C. Jarvi$?, R. Jesik4,
K. Johné8, C. Johnsof!, M. Johnsof!, A. Jonckheerd, P. Jonssoftf, A. Just&', E. Kajfas2®, A.M. Kalinin36,
J.R.Kalk®, J.M.Kalk®!, S.Kappler!, D. Karmanw38, PA. Kaspef?, |. Katsano$!, D. Kau?, R. Kaur?’, V. Kaushik’®,
R. Kehoé?, S.Kermiché®, N. Khalatyar?, A. Khanos/’’, A. Kharchilasa’®, Y.M. Kharzhee®¢, D. Khatidze*, T.J.Kim?3!,
M.H. Kirby®*, M. Kirsch?t, B. Klima®!, J.M. Kohli?’, J.-R Konrattf3, V.M. Korables*°, A.V. Kozelo/*°, D. Krop®®,

T. KuhP*, A. Kumar®, S.Kunori®?, A. Kupcad®, T. Kurca?, J.Kvita®Y, F. Lacroix!?, D. Lam®®, S. Lammerg?,

G. Landsbeg’®, P. Lebrurf®, W.M. Lee*, A. Le at38, F. Lehnef?, J. Lelloucht’, J. Levequé®, J.Li"°, Q.Z. Li%!,

L. Li*°, S.M. Lietti®, J.G.R.Lima®3, D. Lincoln®!, J. Linnemani§®, V.V. Lipaev®?, R. Lipton®!, Y. Liu™Y, Z. Liu®,

A. Lobodenk*®, M. Lokajicek!, P. Love*®, H.J.Lubattf®, R. Luna, A.L. Lyor®!, A.K.A. MacieP, D. Mackin?,
R.J.Madara$’, P. Mattig?®, C. Magas$?, A. Magerkurti?°, PK. Mal®¢, H.B. Malbouisson, S. Malik®8, V.L. Malyshes3®,
H.S.Mac™!, Y. Maravin®®, B. Martin*4, R. McCarthy’3, A. Melnitchouk®’, L. Mendoz&, P.G. Mercadante, M. Merkin3,
K.W. Merritt>, J. Meyerr?d, A. Meyert!, T. Millet?°, J. Mitrevski’, J. Molina3, R.K. Mommsert®, N.K. MondaFf®,
R.W. Mooré®, T. Moulik®®, G.S.Muanz&°, M. Mulders?, M. Mulhearr’?, O. Mundaf?, L. Mundim?®, E. Nagy*®,

M. Naimuddir?, M. Narair’®, N.A. Naumani®, H.A. Neaf®, J.P Negref, P. Neustroe*?, H. Nilser?®, H. Nogima®,
S.F Novae$, T. Nunneman®®, V. O'Dell®!, D.C. O'Neil®, G. Obrant?, C. Ochandé®, D. Onoprienk®, N. Oshim&*,
J.Osta&%, R. Oted?, G.J.Oteroy GardHmt, M. Owerf®, P. Padley®!, M. Pangilinar®, N. Parashat’, S.-J.Park’?,
S.K.Park®, J. Parsong?, R. Partridge’®, N. Paru&®, A. Patwa’®, G. Pawloski®!, B. Penning?®, M. Per lov®, K. Peteré®,
Y. Peterd®, P. Petroff'6, M. Pettent*, R. Piggaid, J. Pipef®, M.-A. Pleief?, PL.M. Podesta-Lerm&¢, V.M. Podstakov®°?,
Y. Pogorele®®, M.-E. PoP, P. Poloza?’, B.G. Popé®, A.V. Popa/®®, C. PotteP, W.L. PradodaSilva®, H.B. Prospet?,
S. Protopopesctt, J. Qiarf®, A. Quad®?d, B. Quinrf?, A. Rakiting’®, M.S. Rangef, K. Ranjart®, PN. Ratof*3,



P. Renlkelf®, S.Reucroff4, P. Rich*®, J. Rieger®, M. Rijssenbeelé, |. Ripp-Baudot®, F. Rizatdinwva’’, S. Robinsort?,
R.F Rodrigueg, M. Rominsk/’®, C. Royon'®, P. Rubino/®?, R. RuchtP®, G. Safrona®’, G. Sajot*, A. Sanchez-Herandez?,
M.P. Sander¥’, A. Santord, G. Savage?, L. Savyer®!, T. Scanlort*, D. Schailé®, R.D. Schambager'®, Y. Schelov*°,
H. Schellmaf*, T. Schliephak?®, C. Schwanenbeger*®, A. Schwartzmani®, R. Schwienhor$®, J. Sekarié®, H. Severini’®,
E. Shabalin&, M. Shamin®, V. Shary®, A.A. Shchukirt®, R.K. Shivpuri?®, V. Siccard?®, V. Simak®, V. Sirotenlo®!,

P. Skubic’®, P. Slattery?, D. Smirno/°®, J. Snov’®, G.R.Snaw®®, S. Sryder’, S. SoldnerRembold®, L. Sonnenschetit,
A. Sopczak®, M. Sosebe€, K. Soustruznik, B. Spurlock?®, J. Stark4, J. Steelé?, V. Stolin®’, D.A. Stoyanova®,

J. Strandbeg®®, S. Strandbeg*!, M.A. Strand®, M. Straus&’, E. Straus&®, R. Stiohmer®, D. Stron?*, L. Stutté?,

S. Sumavidagdc®, P. Swisky®®, A. Sznajdet, M. Talby*®, P. Tamturello*®, A. Tanasijczuk, W. Taylor®, J. Templé'®,

B. Tiller?®, F. Tissandiet®, M. Titov'8, V.V. Tokmenir®, T. Toole®?, I. Torchian??, T. Trefzgef*, D. Tsybyche '3,

B. Tuchming?®, C. Tully®®, PM. Tuts?, R. Unalarf®, S. Uvarov*°, L. Uvarov*?, S. Uzuryarr3, B. Vachol?,
PJ.vandenBerg®4, R. VanKooter?®, W.M. vanLeeuweri*, N. Varelas?, E.W. Varne$®, |.A. Vasilyes*°, M. Vaupef®,

P. Verdier?, L.S. Vertograde®, M. Verzoccht?!, F. Villeneuve-Sguier*4, P. Vint**, P. Vokad?, E. Von Toerné?,

M. Voutilainer?®®, R. Wagnef®, H.D. WahF°, L. Wand®?, M.H.L.S Wang?, J. WarchoP®, G. Watt$?, M. Waynée®,

M. WebeP!, G. Webef?, L. Welty-Riegerr®, A. Wengef?, N. Wermes$?, M. Wetsteirt?, A. White’®, D. Wicke?®,
G.W. Wilsor®®, S.J.Wimpenry*®, M. Wobisci?, D.R. Wood?*, T.R. Wyatt*, Y. Xie’®, S. Yacooly*, R. Yamada®, M. Yarf?,
T. Yasud&!, Y.A. Yatsunenk3®, K. Yip’4, H.D. Yoo’®, S.W YourP*, J. Yu’®, A. Zatserklyaniy®, C. Zeitnitz?®, T. Zhad®,
B. Zhotf®, J.Zhu"3, M. Zielinski’?, D. Zieminsk&®, A. ZieminskP®Z, L. Zivkovic’!, V. ZutshP?, andE.G. Zvere/38

(The D@ Collaboration)

lUniversidad de BuenosAires, BuenosAires, Argentina
2L AFEX, Cento Brasileiro de Pesquisas-'sicas, Rio de Janein, Brazil
3Universidadedo Estadodo Rio de Janeim, Rio de Janeio, Brazil
4Universidade Fedeal do ABC, SantoAndré, Brazil
®Instituto de F’sica Tebrica, UniversidadeEstadualPaulista, S0 Paulo, Brazil
6University of Alberta, Edmonton,Alberta, Canada,SimonFraser University,
Burnaby British Columbia, Canada, York University, Toronto,
Ontario, Canada,and McGill University, Montreal, Quebec,Canada
"University of Scienceand Technolagy of China, Hefei, Peoples Republicof China
8Universidad de los Andes,Bogota, Colombia
Centerfor Particle Physics,CharlesUniversity, Prague Czed Republic
0 Cczeh Tedhnical University, Prague Czed Republic
1 Centerfor Particle Physics Instituteof Physics Academyof Sciencef the Czeh Republic,Prague Czed Republic
2 Universidad San Franciscode Quito, Quito, Ecuador
BLPC, Univ Blaise Pascal, CNRS/IN2P3 Clermont, France
¥ LPSC,Universite JosephFourier Grenoblel, CNRS/IN2P3|nstitut National Polytecdiniqguede Grenoble France
15CPPM, IN2P3/CNRSUniversite de la Méditerranée Marseille, France
18] AL, Univ Paris-Sud,IN2P3/CNRSQOrsay France
Y LPNHE, IN2P3/CNRSUniversites Paris VI and VII, Paris, France
18 DAPNIA/Servicede Physiquedes Particules, CEA, Saclay France
19|PHC, Université Louis Pasteuret Universite de Haute Alsace CNRS/IN2P3Strasboug, France
20|PNL, Université Lyon 1, CNRS/IN2P3Villeurbanne Franceand Université de Lyon, Lyon, France
21|11, PhysikalistiesInstitut A, RWTH Aachen, Aachen, Germany
2 physikalisties Institut, Universitat Bonn, Bonn, Germany
2 physikalisties Institut, Universitat Freiburg, Freiburg, Germany
2 Institut fur Physik, Universitat Mainz, Mainz, Germany
25| udwig-Maximilians-Univesitat Miinchen, Miinchen, Germany
28 Fachberich Physik, University of Wuppertal, Wuppertal, Germany
27 panjab University, Chandigarh, India
2 Dpelhi University, Delhi, India
2 Tata Institute of FundamentalReseazh, Mumbai, India
%0 University College Dublin, Dublin, Ireland
31 Korea Detector Laboratory, Korea University, Seoul,Korea
32 SungkunKwan University, Suwon,Korea
33 CINVESTRV, Mexico City, Mexico
34 FOM-InstituteNIKHEF and University of Amstedam/NIKHEFR Amstedam, The Netherlands
% RadboudUniversity Nijmegen/NIKHEF, Nijmegen, The Netherlands
36 Joint Institute for Nuclear Reseath, Dubna, Russia
%7 nstitute for Theoketical and ExperimentalPhysics,Moscow Russia



%8 Moscow State University, Moscow Russia
*nstitute for High Enegy Physics,Protvino, Russia
40 petesturg Nuclear Physicsinstitute St. Peteshurg, Russia
41 Lund University, Lund, SwedenRoyal Institute of Technolagy and Stodholm University,
Stodholm, Swedenand Uppsala University, Uppsala, Sweden
42 physik Institut der Universitat Zurich, Zirrich, Switzerland
43LancasterUniversity, Lancaster United Kingdom
4 |mperial College, London, United Kingdom
4 University of Manchester Manchester United Kingdom
48 University of Arizona, Tucson, Arizona 85721, USA
47 LawrenceBerleley National Laboratory and University of California, Berlkeley, California 94720,USA
“8 California StateUniversity, Fresno, California 93740, USA
49 University of California, Riverside California 92521, USA
*0Florida StateUniversity, Tallahasseg Florida 32306, USA
51 Fermi National Acceleator Laboratory, Batavia, lllinois 60510, USA
52 University of lllinois at Chicago, Chicago, lllinois 60607, USA
%3Northern lllinois University, DeKalb, lllinois 60115, USA
54 NorthwesternUniversity, Evanston,lllinois 60208, USA
%5 |Indiana University, Bloomington,Indiana 47405, USA
%8 University of Notre Dame Notre Dame Indiana 46556, USA
5" Purdue University Calumet,Hammond,Indiana 46323, USA
%8 lowa State University, Ames,lowa 50011, USA
¥ University of Kansas,Lawrence Kansas66045, USA
0 KansasState University, Manhattan,Kansas66506, USA
61| ouisianaTech University, Ruston,Louisiana71272, USA
52 University of Maryland, College Park, Maryland 20742, USA
53BostonUniversity, Boston, Massatiusetts02215, USA
4 NortheasternUniversity, Boston,Massatiusetts02115, USA
% University of Michigan, Ann Arbor, Michigan 48109, USA
8 Michigan StateUniversity, EastLansing Michigan 48824, USA
7 University of Mississippi,University, Mississippi38677,USA
%8 University of Nebrska, Lincoln, Nebraska 68588, USA
% Princeton University, Princeton, New Jersey 08544, USA
"0 stateUniversity of New York, Buffalo, New York 14260, USA
"1 Columbia University, New York, New York 10027, USA
"2 University of Rochester Rodester New York 14627, USA
3 StateUniversity of New York, StonyBrook, New York 11794, USA
"4 BrookhaverNational Laboratory, Upton, New York 11973, USA
S LangstonUniversity, Langston,Oklahoma73050, USA
"8 University of Oklahoma,Norman, Oklahoma73019, USA
" OklahomaState University, Stillwater Oklahoma74078,USA
"8 Brown University, Providence Rhodelsland 02912, USA
" University of Texas, Arlington, Texas 76019, USA
80 5puthernMethodistUniversity, Dallas, Texas 75275, USA
81 Rice University, Houston, Texas 77005, USA
82 University of Virginia, Charlottesville Virginia 22901, USAand
8 University of Washington,Seattle Washington98195, USA
(Dated:Decembef1,2007)

We presentthe rst model-independenneasurementf the helicity of W bosonsproducedin top quark
decayshasedonalfb ! sampleof candidatet eventsin the dileptonandleptonplusjetschannelsollected
by theDO0 detectoattheFermilabTevatronpp Collider. Wereconstructheangle betweerthemomentaf the
down-typefermionandthetop quarkin theW bosonrestframefor eachtop quarkdecay A t of theresulting
cos distribution nds thatthefractionof longitudinalW bosond o = 0:425 0:166(stat.) 0:102(syst.)
andthefractionof right-handedV bosond+ = 0:119 0:090(stat.) 0:053(syst.),whichis consistentt
the30%C.L. with thestandardnodel.

PACSnumbers14.65.Ha14.70.Fm12.15.Ji,12.38.Qk,13.38.Be 13.88.+e

Thetop quarkis by far the heaviestof theknown fermions  tion, almostalwaysto aW bosonanda b quark. We search
andis the only onethathasa Yukawa couplingto the Higgs  for evidenceof new physicsin thet ! W bdecayby measur
bosonof orderunity in the standardnodel (SM). In the SM, ing the helicity of theW boson.A differentLorentzstructure
thetop quarkdecaysviatheV A chaged-curreninterac- of thet ! Wb interactionwould alter the fractionsof W



bosongproducedn eachpolarizationstatefrom the SM val-
uesof 0:697 0:012[1] and3:6 10 * [2] for thelongitudinal
fractionf o andright-handedractionf . , respectiely, at the
world averagetop quarkmassm, of 1725 2:3 GeV [3].

In this Letter, we reporta simultaneousneasurementf f o
andf . (thenegative helicity fractionf is then x edby the
requirementhatf + fo+ f, = 1). Thisis the rst model-
independen¥V bosonhelicity measurementA measurement
of the W bosonhelicity fractionsthat differs signi cantly
from the SM valueswould be an unambiguousndication of
new physics[4]-[6]. In addition,the model-independenty
bosonhelicity measurementanbe combinedwith measure-
mentsof singletop productioncrosssectiongo fully specify
thetbW vertex [7].

Measurementsf theb! s decayrateassuminghe ab-
senceof gluonic penguincontributions have indirectly lim-
ited theV + A contributionin top quarkdecaysto lessthan
a few percent[8]. Direct measurementsf the longitudinal
fraction (f + setto zero)foundfo = 0:85'%:35 [9] andf, =
0:56 0:31[10]. Directmeasurementsff. (fo setto 0.7)
have foundf, = 0:02 0:08 [11] andf. = 0:06 0:10
[12]. Theanalysigoresentedhereimprovesuponthatreported
in Ref. [12] by usinga larger dataset, emplgying enhanced
eventselectiontechniquesmakinguseof hadronicW boson
decaysandintroducingthe model-independeranalysis.

Theanguladistribution of thedown-typedecayproductof
theW boson(chagedleptonor d, s quark)in therestframe
of theW bosoncanbedescribedy introducingthedecayan-
gle of thedown-typefermionwith respecto thetop quark
direction. Thedependencef thedistributionof cos  onthe
W bosonhelicity fractions,

L@/ 21 Afo+ @ ) + (1+0)2f,;

1)

wherec = cos , formsthebasisfor our measurementWe
proceedby selectinga datasampleenrichedin tt events,re-
constructingthe four vectorsof the two top quarksandtheir
decayproducts,andthencalculatingcos . The down-type
fermionsin leptonicW bosondecaysarethechagedleptons.
For hadronicW bosondecayswe chooseaW bosondaughter
jet atrandomto calculatecos . Sincethis introducesa sign
ambiguityinto the calculation,we consideronly jcos | for

hadronicW bosondecaysThejcos | variabledoesnotdis-
criminatebetweerleft- andright-handedV bosonsput adds
information for determiningthe fraction of longitudinal W

bosons.Thesedistributionsin cos  arecomparedvith tem-
platesfor differentW bosonhelicity models,accountingfor

backgroundandreconstructioreffects, usinga binnedmaxi-
mumlik elihoodmethod.

This measuremenisesa datasamplerecordedvith the DO
experiment[13] thatcorrespondso Sm integratedluminosity
of aboutl fb ® of pp collisionsat’ s = 1:96 TeV. Events
wereselecteday the trigger systembasedon the presencef
enegeticleptonsor jets. The datasampleconsistsof tt can-
didateeventsfrom the lepton plus jets (" + jets) decaychan-
neltt | W*W bb! ° gq%b andthe dilepton channel
tt! W*W bb! ° 9 %b where and’®areelectronsor

4

muons.The ™+ jets nal stateis characterizetby onechaged
lepton,at leastfour jets, andlarge missingtrans\erseenegy
(Bt). Thedilepton nal stateis characterizethy two chaged
leptons,at leasttwo jets,andlargeB 1 . In both nal statesat
leasttwo of thejetsarebjets.

The "+ jetseventselection[14] requiresanisolatediepton
with transversemomentumpr > 20 GeV, no otherlepton
with pr > 15 GeV in the event,Bt > 20 GeV, and at
leastfour jets. In the dilepton channel,eventsare required
to have two leptonswith oppositechageandpy > 15 GeV
andtwo or morejets. Electronsarerequiredto have pseudo-
rapidity [15] j j < 1:1in the +jetschannelandj j < 1.1
or1:5< j j < 25in thedileptonchannelandareidenti ed
by their enegy depositionjsolation,andshaver shapean the
calorimeter andinformation from the tracking system[14].
Muons are identi ed using information from the muon and
tracking systemsand must be isolatedfrom jets, signi cant
calorimeterenegy, andenegetictracks.They arerequiredto
havej j < 2:0. Jetsarereconstructedisinga conealgorithm
with coneradius0.5 [16] and are requiredto have rapidity
jyi < 25andpt > 20GeV. Thek is calculatedrom the
vectorsumof calorimetercell enegies,correctedo account
for the responseof the calorimeterto jets and electronsand
alsofor the momenteof identi ed muons.

We simulatett signal eventswith m; = 1725 GeV for
differentvaluesof f . with the ALPGEN Monte Carlo (MC)
program[17] for the parton-level procesgleadingorder)and
PYTHIA [18] for gluon radiationand subsequenhadroniza-
tion. We generatessamples<orrespondingo eachof thethree
W bosonhelicity con gurationsby reweightingthegenerated
cos distributions.

Backgroundsin the "+ jets channel arise mainly from
W + jets productionand multijet production. In the dilepton
channelpackgroundarisefrom processesuchasW W + jets
or Z+jets. The MC samplesusedto model background
eventswith realleptonsarealsogeneratedisingAL PGEN and
PYTHIA. Both the signal and backgroundMC samplesare
passedhrougha GEANT3 [19] simulationof the detectorre-
sponseand reconstructedvith the samealgorithmsusedfor
data. In the "+ jets channelwe estimatethe numberN ,; of
multijet backgroundeventsfrom data,usingthetechniquede-
scribedin Ref. [14]. We calculateN; for eachbin in the
cos distribution from thedatasampleto obtainthe multijet
cos templates.

To increasehe signalpurity, a multivariatelik elihooddis-
criminantD [14] with valuesin therangeO to 1 is calculated
usinginput variableswhich exploit differencesn kinematics
andjet avor. The kinematicvariablesconsideredare: Ht
(scalarsumof thejet pr values)centralityC (theratio of Hy
to the sumof the jet enegies),k? .., (thedistancein
spacebetweenthe closestpair of jets multiplied by the E+
of thelowestE+ jetin the pairanddividedby theEt of the
W boson),the sumof all jet andchagedleptonenepiesh,
theminimumdijet massof thejet pairsmjj min , aplanarityA,
sphericityS [20], Bt , andthedileptoninvariantmasam- . In
thedimuonchannelthe 2 of akinematict totheZ !
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FIG. 1: Distribution of D for data(pointswith error bars), back-
ground(shadedhistogram),and signal plus backgroundopenhis-
togram)in thee+ jetschannel.

hypothesis 2 [21] is usedinsteadof B .

Since jets in backgroundevents arise mostly from light
quarksor gluonswhile two of thejetsin tt eventsarisefrom b
guarkswe form aneuralnetwork discriminantoetweerband
light jets [22] with outputvalue NN, thattendstowardsone
for b jetsandtowardszerofor light jets.. In the "+ jetschan-
nelswe usetheaverageof thetwo largestNN, valuesto forma
continuous/ariablelNNyi whosevaluetendsto belargefor tt
eventsandsmallfor backgroundsyhile in thedileptonchan-
nelsthe NN, valuesfor thetwo leadingjets (NN,, , NN, ) are
takenasseparateariables.

The discriminantis built separatelyfor eachof the ve -
nal statesonsideredysingthemethoddescribedn Refs.[14,
23]. We considerall possiblecombinationf theabove vari-
ablesfor usein thediscriminantandall possibleequirements
ontheD value,andchoosehevariablesandD criterionthat
givethebestexpectedprecisionfor theW bosonhelicity. The
variableschosenand the requirementplacedon D for each
channelaregivenin Tablel. An exampleof the distributions
of signal,backgroundanddataeventsin D is shovnin Fig. 1.

We perform a binned Poissonmaximumlikelihood t to
compardheobseneddistribution of eventsin D to thesumof
thedistributionsexpectedfrom tt andbackgroundevents. In
the + jetschannelsNy,; is constrainedo the expectedvalue
within the known uncertainty while in the dileptonchannels
theratio of the variousbackgroundsourceds x edto theex-
pectationfrom the crosssectiongimesef ciency of thekine-
matic selection. The likelihoodis then maximizedwith re-
spectto the numbersof tt andbackgroundevents,which are
multiplied by the ef ciency for the D selectionto determine
the compositionof the sampleusedfor measuringheW bo-
son helicity fractions. Tablel lists the compositionof each
sampleaswell asthe numberof obseredeventsin thedata.

Thetop quarkandW bosonfour-momentain the selected
"+ jetseventsarereconstructedisinga kinematic t whichis
subjectto the following constraints:two jets mustform the
invariantmassof theW boson[24], theleptonandtheB to-
gethemwith theneutrinop, componenmustform theinvariant
masf theW bosonandthemassesf thetwo reconstructed
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top quarksmustbe 1725 GeV. Thefour highestpr jetsin
eacheventareusedin the t, andamongthe twelve possible
jet combinationsthe solutionwith the maximal probability,
consideringboththe 2 from the kinematic t andthe NN,
valuesof the four jets,is chosen.Thecos distributionsfor
leptonicandhadronicW bosondecaysobtainedn the ™ + jets
dataafterthefull selectionareshavnin Fig. 2(a)and(b).

Sincethe two neutrinosin the dilepton nal stateare not
detectedthe systemis kinematicallyunderconstraineddow-
ever, if m; is assumedthe kinematicscan be solved alge-
braically with a four-fold ambiguityin additionto the two-
fold ambiguityin pairing jets with leptons. For eachof the
two leadingjets, we calculatethe value of cos resulting
from eachsolutionwith eachof the two leptonsassociated
with the jet. To explore the phasespaceconsistentwith the
measureget andleptonenepies,we uctuate themaccording
totheirresolutionmary times,andrepeatheabove procedure
for each uctuation. The averageof thesevaluesis takenas
cos forthatjet. Thecos distribution obtainedn dilepton
datais shavnin Fig. 2(c).

To extractf o andf . , we computethebinnedPoissoriik e-
lihoodL (fo;f+) for thedatato be consistentvith the sumof
signalandbackgroundemplatesat ary givenvaluefor these
fractions. The backgrounchormalizationis constrainedo be
consistentwithin uncertaintieswith the expectedvalue by a
Gaussiartermin thelikelihood. The t alsoaccountdor the
differencesn selectionef ciency for tt eventswith different
W helicity con gurations[25].

Systematiancertaintiemreevaluatedn ensembldestsby
varying the parametershat canaffect the measurementEn-
semblesareformedby drawing eventsfrom a modelwith the
parameteunderstudyvaried. Thesearecomparedo thestan-
dardcos templatesn amaximumlikelihood t. Theaver-
ageshiftsin theresultingf, andf. valuesaretakenasthe
systematicuncertaintyand are shovn in Tablell. The total
systematiauncertaintyis thentakeninto accountin the like-
lihood by cornvoluting the likelihoodwith a Gaussiarwith a
width thatcorrespondso thetotal systematiaincertainty The
massof the top quarkis variedby 2:3 GeV, andthe jet
reconstructioref ciency, enegy calibration,andb fragmen-
tation parameterdy 1 aroundtheir nominalvalues. The
tt modeluncertaintyis studiedby comparingtt eventsgener
atedby PYTHIA tothestandardh L PGEN samplesgonsidering
sampleswith a differentmodelfor the underlyingeventand
onesin which only a single primary vertex is reconstructed.
Effectsof mis-modelinghebackgroundlistributionin cos
areassesselly comparingdatato the backgroundnodelfor
eventswith low D values. The uncertaintydue to template
statisticsis evaluatedby uctuating the templatesaccording
to their statisticaluncertaintieandrepeatinghe t tothedata
for eachuctuation. Uncertaintieglueto jetresolutionjet a-
vor compositionin the backgroundthe modelingof the NN,
variable,andpartondistribution functionsareall foundto be
lessthan0.01for bothf ¢ andf . .



TABLE I: Summaryof the multivariate selectionand numberof selectedeventsfor eachof thett nal statesusedin this analysis. The

uncertaintiesrestatisticalonly, exceptfor thebackgroundstimatesn theeeand

imperfectiondn the MC modelof thedataareincluded.

channelsin which systematiaincertaintiesrisingfrom

e+ jets +jets e ee
Variablesusedin CS,A,Hr, CS,Hr, CS,hmjmn, A,S,kYmin, A,S,h, Mjjmn,
discriminantD h, k2 min  INNoi K2 i INNoi K2 i, NNo, , NN, B, m~,NNo, 2, m~, NNy,
Signalpurity beforeD selection 0.38 0.04 0.44 0.04 0:67 0:11 0:014 0:004 0:024 0:006
Requiremenbn D > 0:80 > 0:40 > 0:08 > 0:986 > 0:990
BackgroundhafterD selection 211 45 330 52 99 25 22 09 4.8 34
DataeventsafterD selection 121 167 45 15 15

; 25; Dk L=1fb* () . . L.

2 b F TABLE II: Summaryof themajorsystematiaincertaintie®nf, and

g °F T I { I f+ in themodel-independent.

w 15? - \ 1 i i Source Uncertainty(f o) Uncertainty(f + )
00| | QIS Topmass 0.009 0.018
sE I + Jetreconstructioreff. 0.021 0.010

T e Jetenegy calibration 0.012 0.019
1 05 0 05 1 b fragmentation 0.016 0.010
cosq* tt model 0.068 0.032

o 60~ DéL=1fb" ®) Backgroundnodel 0.049 0.016

F Templatestatistics 0.049 0.025

E 403 Total 0.102 0.053
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FIG. 2: Comparisorof the cos  distribution in data(pointswith r

errorbars)andthe global best- t model(solid openhistogramsYor 02w b b b b b

-0. 08 1 12

(a)leptonicW bosondecaysn " + jetsevents,(b) hadronicW boson
decaysin "+ jets events,and(c) dileptonevents. The dashedopen
histogramshav the SM expectationandtheshadedistogramsep-
resenthebackgroundontritution.

Themeasuredaluesof f o andf . are:

fo 0:425 0:166(stat.) 0:102(syst.) (2)
fa 0:119 0:090(stat.) 0:053(syst.)

with a correlationcoefcient of 0:83. Theinclusionof the
jcos | measuremenfrom hadronicW bosondecaysim-
provestheuncertaintie®nf o andf . by about20%relativeto
thoseobtainedusingonly theleptonicdecays.The 68%,and
95% C.L. contoursfrom the t, including systematicuncer
tainties,areshavn in Fig. 3. The dataindicatefewer longitu-
dinalandmoreright-handedV bosonghanthe SM predicts,

f,

FIG. 3: Resultof the model-independentV bosonhelicity t. The
ellipsesarethe 68%and95%C.L. contoursthetrianglebordershe
physicallyallowed region wheref o andf. sumto oneor less,and
the stardenoteghe SM values.

but the differenceis not signi cant asthereis a 30% chance
of observingalargerdiscrepang giventhe statisticalandsys-
tematicuncertaintiesn themeasurement.

If we x f, totheSM value,we nd

fo=0:619 0:090(stat.) 0:052(syst.) 3)
andif fq is x edto the SM valuewe nd

0:002 0:047(stat.) 0:047(syst.) (4)

fi =



Eqgs. 3 and 4 are directly comparableto previous measure-
ments[9]-[12].

In summarywe have measuredhe helicity fractionsof W
bosonsn tt decaysn the™ + jetsanddileptonchannelswith a
model-independent and nd fo = 0:425 0:166(stat.)
0:102(syst.)andf,. = 0:119 0:090(stat.) 0:053(syst.)
Thisis the rst suchmeasurementeportedandis consistent
atthe 30% level with the SM valuesof f o = 0:697andf . =
3:6 10 “4. We have alsomeasured 3 andf. in a model-
dependentt and nd that they are consistentwith the SM
values.
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